Forty-three fungal producers for glycolipid biosurfactants, mannosylerythritol lipids (MELs), were isolated from leaves and smuts of sugarcane plants. These isolates produced MELs with sugarcane juice as nutrient source. The strains were taxonomically categorized into the genera Pseudozyma and Ustilago on the basis of partial sequences of the ribosomal RNA gene.
Biosurfactants (BSs) are extracellular amphiphilic compounds produced by a variety of microorganisms. They have attracted considerable interest in recent years due to their biodegradability, mild production conditions, and variety of functions. 1, 2) Mannosylerythritol lipids (MELs) are glycolipid BSs that contain 4-O--Dmannopyranosyl-meso-erythritol as the hydrophilic moiety and acetyl groups and fatty acids as the hydrophobic moiety (Fig. 1A) . 3) MELs are expected to be ecofriendly biosurfactants due to their excellent surface activity, and have attracted considerable interest in recent years due to their unique properties, including self-assembling properties, antitumor and cell-differentiation induction activities, and moisturizing and hairrepairing properties. 2, 4) MELs are abundantly produced by yeast strains Pseudozyma antarctica, 5, 6) P. aphidis, 7, 8) P. rugulosa, 9) and the other strains of the genus Pseudozyma. 10) These strains produce large amounts of MELs when vegetable oils are used as sole carbon source, but the use of vegetable oils makes the production and recovery processes very complicated, because a complicated separation process is necessary to obtain high purity MELs due to co-existing residual oils and their breakdown products. 11) On the other hand, the use of watersoluble carbon sources is very advantageous in improving the large-scale production of MELs due to a negligible amount of the above by-products. 11, 12) Recently, we found that a smut fungus Ustilago scitaminea NBRC 32730 on sugarcane efficiently produces MEL-B at more than 25 g/L of production yield using sugarcane juice as the main nutrient. 13) As expected, the purity of the MEL-B from sugarcane juice was more than 99% on the basis of HPLC analysis without a purification process by column chromatography. Additionally, various plants are potential sources of MEL producers, because they have been reported to be phyllosphere yeast. 14) Sugarcane is one of the most promising renewable bio-resources. It is used primarily to produce sugar and alcohol worldwide. Recently, biomass, including sugarcane, represents an abundant carbon-neutral renewable resource for the production of biofuel and bio-based materials. 15, 16) Hence, there is considerable interest in the development of bio-based materials such as glycolipid BSs using sugarcane as fermentation source.
In this study we focused our attention on further isolation of novel MEL producers the from sugarcane plant, one of the best potential sources of MEL producers. Novel fungal strains were screened for their ability to produce glycolipid BSs from glucose. The leaf, stalk, and smut slices of sugarcane plants were used as microorganism source. They were transferred to a test tube containing a basal medium (10% w/w glucose, 0.3% w/w NaNO 3 , 0.03% w/w KH 2 PO 4 , 0.03% w/w MgSO 4 , and 0.1% w/w yeast extract) containing 50 mg/L of streptomycin and 50 mg/L of chloramphenicol, followed by incubation on a shaker at 25 C for 4 d. To select glycolipid BS producers from the culture broth, the accumulation of glycolipid BSs in the culture was initially estimated by the drop-collapse method. After centrifugation of the culture medium, an aliquot of the supernatant was dropped on a strip of Parafilm M 3 cm Â 6 cm (American National Can, Chicago, Il) as a hydrophobic surface, and then the diameter of the droplet was evaluated. A collapsed drop was considered positive, and a normal drop negative. In a first screening of 39 samples of sugarcane slices, 10 cultures containing a sliced leaf showed positive drop collapse. There were no BS producers on the slices of sugarcane stalks.
The 10 culture broths selected were spread on potatodextrose agar (PDA) plates, and 200 colonies were picked out and stocked on PDA agar plates. These colonies were then cultured in a deep-well plate (96 wells), containing 0.5 mL of basal medium, followed by incubation at 25 C for 4 d on a deep-well shaker (MÁBR-022UP, Taitec, Tokyo). Of the 200 colonies, 101 of colonies that showed positive drop collapse were cultured in the basal medium, and glycolipid BS production was estimated by the TLC method (data not shown).
On the other hand, the screening strategy by the dropcollapse method was unavailable for sugarcane smut y To whom correspondence should be addressed. Fax: +81-29-861-4660; E-mail: dai-kitamoto@aist.go.jp slices due to the large amount of minor germ. Hence, the smut slices were suspended directly in the basal medium and the suspensions were spread on PDA agar plates, and the resultimg 18 colonies were picked out and cultured in the basal medium, following TLC analysis (data not shown).
Of the 119 positive colonies, 43 were found to show spots corresponding to glycolipids, MEL-A, MEL-B, MEL-C, and mono-acylated MEL (Fig. 1 ). These fungal strains were categorized into the four types of MEL producer on the basis of the results of TLC analysis.
To identify the structures of the glycolipids, the major purified products were further studied by 1 H nuclear magnetic resonance (NMR) spectroscopy with a Varian INOVA 400 (400 MHz) (Varian, Inc., Palo Alto, CA) at 30 C using CDCl 3 solution ( Table 1 ). The ethyl acetate extract of the glycolipids was evaporated and redissolved with chloroform, and then purified by silica-gel chromatography using chloroform-acetone, as reported previously. 17) In the NMR study, purified MEL-A was used as reference. As we expected, the spectra of the two major products, GL-1A and GL-1B, produced from glucose by strain OK21 (type I) corresponded well with those of MEL-A and MEL-C respectively produced by P. antarctica T-34. 18, 19) MEL-A showed two peaks at 2.04 and 2.10 ppm (s) (acetyl groups at the C6 0 and the C4 0 position of the mannose moiety), MEL-B showed a peak at 2.13 ppm (s) (acetyl groups at the C6 0 position of the mannose moiety), and MEL-C showed a peak at 2.05 ppm (s) (acetyl groups at the C4 0 position of the mannose moiety). The spectra of the two glycolipids, GL-2A and GL-2B, produced from glucose by strain OK56 (type II) were the same as that of MEL-A. The spectra of three glycolipids, GL-3A, GL-3B, and GL-3C, produced from glucose by strain OK108 (type III) were identical to those of MEL-A, MEL-C, and MEL-C respectively. The spectra of the two main products, GL-4A and GL-4B, produced from glucose by strain OK2 (type IV) corresponded well with that of MEL-B produced by U. scitaminea NBRC 32730. The other glycolipids, GL-1C and GL-4C, were assumed to be mono-acylated MEL and cellobiose lipids (CLs) respectively on the basis of mobility on the TLC plate. Thus, all of these strains were confirmed to be MEL producers.
We examined the potential for MEL production by these isolates using sugarcane juice as sole nutrient source. The four strains OK21, OK56, OK108, and OK2 were grown in culture containing 50% sugarcane juice (110 g/L of sucrose), the products were detected on a TLC plate (Fig. 1C) , and the amount of MELs was quantified by HPLC on a silica-gel column (Inertsil SIL 100 A 5 mm, 4:6 Â 250 mm; GL Science, Tokyo) using chloroform-methanol as the solvent system with a gradient flow (1 mL/min) control from 100:0 to 0:100.
9)
Purified MEL-A, MEL-B, and MEL-C produced from soybean oil by P. antarctica T-34 were used in the subsequent experiments as standard. All measurements reported were calculated from at least three independent experiments. The production yields of MELs by strains OK21, OK56, OK108, and OK2 were approximately 0.8, 1.4, 1.5, and 3.7 g/L respectively. Thus these MEL producers formed MELs with sugarcane juice as sole nutrient source. Further optimization of culture conditions should improve the production efficiency of these MELs with sugarcane juice. A, Chemical structures of mannosylerythritol lipids. MEL-A:
Fungal strains were cultured in basal medium, and the products were extracted with equal volumes of ethyl acetate from the culture. Glycolipids were detected with anthrone-sulfate reagents on thin-layer chromatography (TLC) plate. TLC was performed with chloroform-methanol-NH 4 OH (65:15:2) as solvent system. Visualization was done by spraying 0.3% anthrone-sulfate reagents on the TLC plate and heating it at 90 C for 5 min. 5) The main spots corresponding to glycolipids produced by representative strains are indicated by arrows. C, Representative strains produced MELs with sugarcane juice as sole nutrient source. The strains were cultivated in 300-mL Erlenmeyer flasks containing 30 mL of the sterilized 50% sugarcane juice, followed by incubation on a rotary shaker (220 rpm) at 25 C for 7 d.
The strains were classified into ustilaginomycetous genera by taxonomical phylogenic analysis. Nuclear DNA extraction from the fungal strains was carried out with a genomic DNA isolation kit (GenTLE; Takara, Shiga). The sequences of internal transcribed spacer 1 (ITS1), the 5.8S rRNA gene, and internal transcribed spacer 2 (ITS2) of each fungal strain were obtained from the DNA Data Base of Japan (DDBJ, http://www. ddbj.nig.ac.jp/), and were aligned using Clustal W software. 20) The phylogenetic tree was visualized with TreeView software http://taxonomy.zoology.gla.ac.jk/ rod/treecview.html). All of DNA sequences were determined by the Fasmac DNA Sequence Service (Kanagawa). The sequences have been deposited at DNA Data Bank of Japan (DDBJ) under accession no. AB704871-AB704913. Figure 2 shows a molecular phylogenic tree constructed using partial sequence of the ribosomal RNA gene (ITS1-5.8SrRNA-ITS2) of our isolated strains and the known MEL producers of the genera Pseudozyma and Ustilago. All of the type I strains were identical to well-known MEL producers, P. antarctica and P. aphidis, on the phylogenic tree (100% identity). P. antarctica and P. aphidis are known to produce MEL-A, MEL-C, and mono-acylated MEL from water-soluble carbon sources as reported previously. 18) These results strongly confirm that MEL production is an important taxonomical index of the yeasts.
The type II strains were assembled into an independent family of glycolipid producers, P. churashimaensis. Strain OK94 was previously identified as a novel strain of P. churashimaensis.
21) The ribosomal RNA gene sequences of all the type II strains were entirely identical to that of P. churashimaensis OK94 (100%).
The type III strains shared 100% of identity with Ustilago sp. TMS-2011, and formed a branched family. In addition, the ribosomal RNA gene sequences of the type III strains showed high identity (higher than 95%) with P. hubeiensis, which mainly produces MEL-C from soybean oil: over 70 g/L production efficiency together with MEL-A as minor product. Hence the use of type III strains might make it possible to produce MEL-C using sugarcane juice at high production efficiency.
The strains of type IV producing MEL-B made up a branch of MEL producers closely related to U. scitaminea. The ribosomal RNA gene sequences of type III strains showed high identity, 99%, to S. scitamineum, synonym of a sugarcane smut fungus, U. scitaminea.
22)
The strains of type IV that we examined appeared to produce both MEL-B and CLs, whereas U. scitaminea NBRC 32730 produced only MEL-B, as reported previously. 13) Therefore the isolated strains should conserve a biosynthetic pathway for CL formation as compared to that strain NBRC 32730.
In conclusion, we obtained MEL producers, produced MELs from sugarcane juice, on sugarcane plants. All of the MEL producers were isolated on the leaves and smut, not the stalks of the sugarcane plant. These newly isolated MEL producers were categorized into four groups by molecular phylogenic analysis as well as the chemical structures of the main products. This indicates that the chemical structure of the MEL produced is probably an important taxonomical index of the yeasts. These MEL producers isolated from the sugarcane plant produced different MELs from sugarcane juice. The isolated fungal strains should make it possible to attain efficient production of MELs from sugarcane juice as fermentation source. A molecular phylogenetic tree constructed using ITS1-5.8SrRNA-ITS2 sequences of the isolates and the known MEL producers, P. antarctica, P. aphidis, P. churashimaensis, P. tsukubaensis, P. hubeiensis, U. maydis, U. cynodontis, and U. scitaminea. DDBJ/GenBank/ EMBL accession numbers are indicated in parentheses. Type I: 17 strains of OK13, OK14, OK16, OK17, OK21, OK22, OK29, OK30, OK31, OK32, OK33, OK36, OK37, OK40, OK103, OK104, and OK109. Type II: 27 strains of OK39, OK40, OK51, OK52, OK54, OK55, OK56, OK57, OK60, OK61, OK62, OK63, OK64, OK65, OK66, OK67, OK68, OK69, and OK70. Type III: 3 strains of OK72, OK108, and OK108. Type IV: 4 stains of OK1, OK2, OK3, and OK4 from smut slices.
